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The restriction endonuclease PvuII has been introduced as a sequence-speciﬁc cleavage module in
highly-speciﬁc nucleases for gene targeting. Here, a structural reorganization of the single-chain
variant of PvuII (scPvuII) was performed by circular permutation as a proof-of-concept in order
to ﬁnd out whether the relocated, new termini next to structural elements important for DNA
recognition and catalysis could be used for the fusion with other regulatory protein domains. Three
circularly permuted variants of scPvuII were obtained that all maintain the speciﬁc endonucleolytic
activity of scPvuII.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Protein function is usually determined by the folding of a poly-
peptide with a given amino acid sequence into a proper three-
dimensional conformation [1]. For many proteins, a cotranslational
folding can be assumed, i.e. structural elements start folding from
the N-terminal end of the nascent polypeptide chain [2]. Stable pro-
teins, however, can be formed starting with an alternative N-termi-
nus as seen for many protein families during evolution, where
circular permutation (CP) of proteins is one method to diversify
existing protein structures to new functions [3,4]. CP results in pro-
teins with exchanged N- and C-terminal parts; i.e. through the
covalent linkage of the original terminal ends by a short peptide lin-
ker and the introduction of new N- and C-termini at a different
position in the existing protein backbone, the order of the amino
acid residues in the polypeptide chain is reorganized. In protein
engineering, CP of proteins has been successfully used to create
proteins with an altered structure and function [5,6]: permuted
proteins have been obtained with a different protein oligomeriza-
tion state [7,8], with enhanced catalytic activity [8–10] or
ligand-binding afﬁnity [11] and with improved stability towards
proteolytic digestion [12] or denaturation [13]. CP of ﬂuorescent
proteins resulted in novel ﬂuorescent biosensors, having the newlychemical Societies. Published by E
ingle-chain variant of PvuII
iessen.de (B. Schierling).created N-terminal ends fused to ligand-binding sensory domains
[14,15].
The restriction endonuclease PvuII, thoroughly investigated in
terms of structure [16,17] and function [18,19], is a homodimeric
enzyme (18 kDa per monomer) and recognizes and cleaves the
palindromic DNA sequence 50-CAG;CTG-30, introducing a speciﬁc
double-strand break as indicated. By covalently linking the C-termi-
nus of one monomer to the N-terminus of the other one via a short
peptide linker, the homodimeric PvuII wild-typewas converted into
the single-chain variant of PvuII (scPvuII), with a similar DNA cleav-
age activity and speciﬁcity [20]. A superposition of both crystal
structures shows that PvuII and scPvuII have a very similar structure
[21]. Here, the scPvuII variant was used as template for a structural
redesign by CP.We recently could show that PvuII as well as scPvuII
can serve as a sequence-speciﬁc [22,23] and/or controllable [24–27]
DNA cleavage module in highly-speciﬁc nucleases as required for
gene targeting [28]. Since theCPof scPvuII results in a reorganization
of the polypeptide chain with a relocation of the termini, the per-
muted variants of scPvuII have new N- and C-terminal ends, which
in further studiesmight be suitable for the fusionwith other regula-
tory protein domains such as DNA binding modules [28] or light-
controllable sensory domains [29]. Thus, for proof-of-concept, sev-
eral asymmetric circularly permuted variants of scPvuII, designed
by a rational engineering approach, were analyzed for changes in
structure, DNA recognition and cleavage speciﬁcity as well as the
catalytic mechanism, compared to scPvuII.lsevier B.V. All rights reserved.
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2.1. Circular permutation of scPvuII
The truncated gene sequence, coding for the PvuII monomer
starting from the new N-terminus, was linked with the complete
gene sequence coding for the PvuII monomer and the truncated
gene sequence, coding for the PvuII monomer up to the new C-ter-
minus via the coding sequence for short linkers, namely L1
(–GSGT–) and L2 (–TGSG–). The resulting constructs are coding
for permuted scPvuII protein sequences, as indicated in Fig. 1A.
All scPvuII variants used in this study contain the high-ﬁdelity ami-
no acid substitution T46G (and the equivalent substitution T206G
in the other ‘‘half’’ of scPvuII, corresponding to one subunit of
PvuII) [30].
2.2. Protein expression and puriﬁcation
The genes coding for scPvuII and the circularly permuted vari-
ants, respectively, with the coding sequence for a C-terminal His6-
tag were inserted into the expression vector pQE30. Protein expres-
sion and puriﬁcation was performed as previously described [25].
2.3. Circular dichroism (CD) spectroscopy
CD spectra were recorded in a Jasco Circular dichrograph using
10 lM protein in a cell with 0.5 mm path length in 10 mM Na-
phosphate buffer pH 7.4 at 23 C.
2.4. Analysis of DNA binding
Binding afﬁnity of scPvuII and the permuted variants scPvuII P1,
P2 and P3 to the cognate PvuII recognition sequence (underlined)
were analyzed by using the HEX-ﬂuorophor labeled, double-
stranded oligodeoxyribonucleotide 50-HEX-GTCCCAGCTGACCTA-
30, monitoring the quench of ﬂuorescence emission upon speciﬁc
DNA binding. Changes in ﬂuorescence emission at 556 nm (excita-
tion wavelength 535 nm) were measured by adding aliquots of en-
zyme stock solutions to give concentrations from 8 to 800 nM to a
2 nM solution of the labeled DNA oligonucleotide in 10 mM Tris/
HCl pH 7.5, 50 mM NaCl and 10 mM CaCl2 at 20 C. The ﬂuores-
cence signal was plotted against the enzyme concentration and ﬁt-
ted by a hyperbolic binding isotherm.
2.5. Analysis of DNA cleavage activity
The DNA cleavage activities of scPvuII and its permuted variants
were analyzed by plasmid DNA cleavage assays, using a 3658 bp
plasmid DNA substrate, which contains a single PvuII and a single
HindIII recognition site in a distance of 343 bp, and initiating the
reaction by adding the enzyme. For the DNA cleavage analysis,
10 nM substrate plasmid was incubated with the enzyme (at the
concentration indicated) in 10 mM Tris/HCl pH 7.2, 50 mM NaCl,
1 mM DTT, 0.1 mg/ml BSA and 10 mMMgCl2 at 37 C. After deﬁned
time intervals, the reaction progress was analyzed by agarose gel
electrophoresis. For analyzing the cleavage speciﬁcity, a subse-
quent incubation with HindIII (Fermentas) for 1 h at 37 C was car-
ried out.3. Results
3.1. Circular permutation of single-chain PvuII
The conversion of the homodimeric restriction endonuclease
PvuII to the single-chain variant (scPvuII) demonstrated thefeasibility of covalently joining the adjacent N- and the respective
C-terminal end of twomonomers of wild-type PvuII by a short pep-
tide linker (L0; –GSGG–) [20]. Considering this initial linker setup
for the single-chain fusion, we tried to redesign the scPvuII variant
by circular permutation (CP), i.e. by ‘‘cutting’’ the N-terminal half
of scPvuII at a given position and ‘‘fusing’’ the ‘‘missing piece’’ to
the C-terminal end of scPvuII using the peptide linkers L1(–
GSGT–) and L2 (–TGSG–). With this procedure three asymmetric
circularly permuted variants of scPvuII were obtained (Fig. 1).
The new termini were introduced (i) between the residues N62
and G64 in the loop between the two b-strands b2 and b3, which
harbor the residues of the active site (D58, E68 and K70) for scPvuII
P1; (ii) between the residues Q96 and V97 in the loop between the
helix aC (DNA recognition region) and b5 (catalytic region) for
scPvuII P2 and (iii) between the residues E116 and K118 in the loop
between b6 (catalytic region) and the helix aD (DNA recognition
region) for scPvuII P3 (Fig. 1D). All three permuted variants could
be expressed in Escherichia coli and puriﬁed from the supernatant
of the cell lysate, with no aggregation or instability being observed.
3.2. Characterization of permuted variants of single-chain PvuII
A far-UV CD spectroscopic analysis was performed to get an
estimate of the secondary structure composition and thereby of
the structure of the permuted variants (Fig. 2). Similar CD spectra
were obtained for scPvuII and scPvuII P1 in the 200–240 nm region,
which is representative for the secondary structure composition of
proteins. For the variants scPvuII P2 and P3, a slight increase in the
ellipticity compared to the reference spectrum of scPvuII was ob-
served. Thus, scPvuII P1 seems to have a structure that closely
resembles that of scPvuII. For scPvuII P2 and P3, small structural
changes can be anticipated, presumably in the neighborhood of
the new termini.
For characterizing the DNA binding afﬁnity of the permuted
variants, the binding to a short 15 bp double-stranded DNA oligo-
deoxyribonucleotide in the presence of Ca2+ ions was analyzed to
obtain the apparent binding constant Kd for each variant. As sum-
marized in Table 1, speciﬁc binding to the cognate PvuII recogni-
tion sequence was observed for all three permuted variants, with
an apparent Kd of 40–60 nM for scPvuII P1 and scPvuII P2 that
is similar to the observed Kd of scPvuII. For scPvuII P3, an approx-
imately 3-fold increase in Kd was observed compared to scPvuII,
indicating a reduced DNA binding afﬁnity.
The DNA cleavage activity of scPvuII and the permuted variants
was investigated by linearization of a substrate plasmid DNA con-
taining a single PvuII recognition site. Fig. 3A shows the DNA cleav-
age results for each variant, which indicate that all three permuted
variants exhibit a speciﬁc DNA cleavage activity. However, it has to
be emphasized that the absolute activity of scPvuII P1 is 200-fold
decreased compared to scPvuII and that scPvuII P2 and P3 show a
further 15- and 30-fold, respectively, reduction in cleavage activity
compared to scPvuII P1 (Table 1). Nevertheless, the CP did not af-
fect the speciﬁcity of cleavage since no DNA cleavage at unspeciﬁc
sites or PvuII ‘‘star sites’’ could be observed, even at high enzyme
concentrations or long incubation times (Fig. 3B).
A detailed kinetic analysis of the DNA cleavage activity of the
permuted variants was carried out to ﬁnd out whether the permu-
tation has an effect on the DNA cleavage mechanism (Fig. 4). For
scPvuII as well as for scPvuII P1 and P3, an accumulation of 20%
open circle intermediate, which results from a nick introduced at
the cognate recognition site, was observed during the DNA cleav-
age reaction, which starts with the supercoiled plasmid (sc) that
is converted to the open circular form (oc) and ﬁnally leads to
the linearized product (li). The amount of the oc plasmid formed
as the intermediate depends on the cooperativity between the
two phosphodiester bond cleavage events. For scPvuII P1 and P3
Fig. 1. (A) Schematic drawing of the protein sequences of the PvuII monomer, the single-chain (sc) variant scPvuII and the permuted scPvuII variants P1, P2 and P3. The amino
acid numbers of scPvuII P1, P2 and P3 (indicated by asterisks) refer to the amino acid numbers of scPvuII. The amino acid linkers L0 (–GSGG–), L1 (–GSGT–) and L2 (–TGSG–)
were chosen to covalently link the N- and C-terminal ends produced by the circular permutation. A carboxy-terminal His6-tag (H) was used for afﬁnity puriﬁcation. (B) Ribbon
presentation of wild-type PvuII bound to its cognate DNA sequence (1PVI). The two monomers are depicted in black and rainbow coloring from blue (N-terminus) to red (C-
terminus), respectively; the amino acid residues of the active site (D58, E68, and K70) are indicated in magenta (for clarity only in the black subunit), the original N- and C-
termini are highlighted. (C) Ribbon presentation of scPvuII (3KSK), indicated in rainbow coloring from blue (N-S2-. . .) to red (. . .-T317-C). (D) Topological representation of
scPvuII. The new termini of the circularly permuted variants are indicated in purple; the original termini are shown in brackets. The dashed lines indicate the peptide linker
sequences L1 and L2, the active site residues are shown in yellow. (E–G) Ribbon models of the permuted variants scPvuII P1 (E; N-G64⁄-. . . to . . .-N62⁄-C), scPvuII P2 (F; N-
V97⁄-. . . to . . .-Q96⁄-C) and scPvuII P3 (G; N-K118⁄-. . . to . . .-E116⁄-C), based on the scPvuII structure and shown in rainbow coloring in direction from the newly created
amino-terminus (blue) to the new carboxy-terminus (red).
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served for scPvuII or the homodimeric wild-type PvuII [20]. Upon
speciﬁc DNA recognition, the concerted action of both two catalytic
centers results in an almost simultaneous nicking of both strands
catalyzed by each active site, i.e. a double-strand break is intro-
duced in a cooperative manner [31]. In contrast, the cleavageproﬁle of scPvuII P2 shows an accumulation of up to 60% of the
oc intermediate, which indicates that the cooperative cleavage
mechanism is impaired. Similar as it was observed for a scPvuII
variant containing one active and one defective catalytic center
[20], a more sequential mechanism of two individual nicking
events with an intermediate dissociation and reorientation of the
Fig. 2. Far-UV CD spectra of scPvuII (dashed black line) and the circularly permuted
variants scPvuII P1 (solid cyan line), scPvuII P2 (dotted blue line) and scPvuII P3
(solid magenta line).
Table 1
Apparent DNA binding afﬁnities and DNA cleavage activities of scPvuII and the
circularly permuted variants scPvuII P1, P2 and P3.
Variant Kd app (nM) Absolute activity (nM substrate/
(min  nM enzyme))
scPvuII 37 ± 4 2.3 ± 0.2
scPvuII P1 44 ± 6 1.1E-2 ± 1.0E-3
scPvuII P2 55 ± 7 7.1E-4 ± 9.5E-5
scPvuII P3 110 ± 15 3.9E-4 ± 5.1E-5
Fig. 3. (A) Cleavage of a 3658 bp plasmid DNA substrate containing a single PvuII
recognition site by scPvuII and the permuted variants scPvuII P1, P2 and P3. The gel
electrophoretic analyses of the cleavage products after 4 h of incubation using 10
nM plasmid DNA and different amounts of enzyme (from 10 lM to 10 pM; in steps
of a factor of 10) are shown. The supercoiled, open circular and linear forms of the
plasmid are denoted by sc, oc and lin. (B) Analysis of the cleavage speciﬁcity of
scPvuII and the permuted variants scPvuII P1, P2, P3. After 4 h of cleavage by 10 lM
scPvuII or the permuted variants, a secondary cleavage with HindIII was performed
to characterize the initial linear cleavage product (cf. cleavage pattern in (A)). Only
cleavage at the single PvuII and HindIII sites results in formation of two cleavage
products, 3315 and 343 bp in length, which are marked by the asterisks. ‘‘ctrl P’’ and
‘‘ctrl H’’ denote the linearization of the plasmid substrate by PvuII and HindIII,
respectively, only.
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break.
4. Discussion
The restriction enzyme PvuII as a DNA cleavage module has
been fused with additional DNA binding modules for gene target-
ing purposes [22,23,32] and engineered such that its activity can
be controlled by light [24–27]. Depending on whether the wild-
type or the single-chain variant of PvuII was fused to other DNA
binding modules, a homodimeric or monomeric highly-speciﬁc
nuclease was obtained [22]. Here, we wanted to produce new sin-
gle-chain variants of PvuII by introducing CPs into scPvuII. Two
peptide linkers were introduced to link the amino- and carboxy-
terminal ends of both ‘‘halves’’ of the PvuII monomers. By introduc-
ing the new termini in remote regions that are located in loop
regions connecting important secondary structure elements of
the protein, new asymmetric circularly permuted variants of
scPvuII were created. Correct folding of the new asymmetric sin-
gle-chain proteins can be assumed for all three permuted variants,
indicated by the CD spectroscopic analysis, but also by the fact that
the proteins were soluble and retained DNA binding and, in partic-
ular, speciﬁc cleavage activity. This indicates that all important
amino acid residues are in a proper orientation within the protein
structure to support speciﬁc DNA recognition and catalysis.
Although the protein backbone of the loop between the strands
b2 and b3, which are harboring the active site residues D58 and
E68/K70, respectively, is cleaved by the introduction of the new
termini, the variant scPvuII P1 showed the same DNA afﬁnity
and cooperative cleavage mechanism as scPvuII. Thus, the permu-
tation did not affect the communication of both catalytic centers,
and even though the strands b2 and b3 are not directly linked as
in the native scPvuII, both strands seem to be ﬁrmly embeddedin the tertiary structure of scPvuII P1, sufﬁcient for catalysis. In
contrast, the catalytic center adjacent to the newly introduced ter-
mini in scPvuII P2 seems to be impaired, probably by lacking the
communication between the residue H85, which closes off the
binding cleft with its equivalent counterpart in the other ‘‘half’’
[18], and the catalytic region. Thus, a more sequential mechanism
for the two phosphodiester bond cleavage events was observed,
although binding to the cognate PvuII recognition site was largely
unaffected. Compared to scPvuII, the variant scPvuII P3 showed
only a slightly decreased binding afﬁnity, but a pronounced reduc-
tion in DNA cleavage activity. At the newly introduced termini this
region of the protein might be too ﬂexible, such that the coupling
between DNA recognition and catalysis is impaired. But once the
ﬁrst phosphodiester bond has been cleaved, the second scissile
phosphodiester bond is cleaved as well.
Fig. 4. Kinetic analysis of scPvuII and the circularly permuted variants scPvuII P1, P2 and P3 cleaving a 3658 bp plasmid DNA substrate containing a singular PvuII recognition
site, using 10 nM plasmid DNA and a constant enzyme concentration (0.5 nM scPvuII, 200 nM scPvuII P1, 1 lM scPvuII P2 and 8 lM scPvuII P3). The gel electrophoretic
analysis of samples withdrawn from the incubation mixture at deﬁned time intervals is shown as an insert of the DNA cleavage proﬁles. The supercoiled, open circular and
linear forms of the plasmid are denoted by sc, oc and lin and indicated by teal, orange and blue progress curves, respectively.
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permuted variants that showed proper folding, largely unaltered
DNA binding afﬁnity and speciﬁc DNA cleavage activity. For further
applications, the newly created amino-terminal ends can be fused
with other regulatory protein domains. On the one hand, fusion
with DNA binding modules such as zinc-ﬁnger domains (ZF) [33]
or TALE proteins [34] can result in highly-speciﬁc nucleases for
gene targeting [28]. We recently showed that a ZF-PvuII fusion en-
zyme can be used for introducing addressed DNA double-strand
breaks in vitro as well as in vivo [22]. Since lowering of the activity
of the PvuII nuclease domain within ZF-PvuII was essential to make
the targeting effect of the ZF binding module more pronounced, the
reduced activity levels of the three permuted variants do not re-
strict further applications using them as DNA cleavage modules.
Indeed, the fusion of DNA binding modules to the newly created
N-termini of the circularly permuted scPvuII variants might opti-
mize the relative geometry of the fusion interface in terms of cleav-
age speciﬁcity and result in reduced off-target site cleavage. On the
other hand, fusing photoreceptor domains such as the LOV2 do-
main [29] to the newly created N-termini of the permuted variants
of scPvuII can result in enhanced photo-control of the cleavage
activity. A LOV-PvuII fusion enzyme at the original N-terminus ofPvuII showed a threefold difference in activity when illuminated
by light, as we recently demonstrated [26]. Considering LOV do-
main fusions with the permuted variants, the conformational
change of the LOV domain after photo-excitation might restrict
the endonucleolytic activity due to structural constraints even
more, since the newly created N-termini are directly located next
to secondary structure elements that are important for DNA recog-
nition or catalysis. Thus, enhanced light-controllable endonucle-
ases might be developed that could be used to regulate by an
external stimulus the DNA cleavage activity of highly-speciﬁc nuc-
leases in gene targeting approaches. However, to what extent the
fusion enzymes with the permuted variants scPvuII P1, P2 or P3
show improved characteristics, has to be investigated in further
studies.
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